We examined whether cardiorespiratory fitness (maximal oxygen uptake, V O 2 max) and muscular strength (grip strength) are associated with individual and clustered metabolic risk factors independently of abdominal adiposity in Japanese men (nϭ110) and women (nϭ110) aged 20-69 years. Blood pressure, triglycerides (TG), HDL cholesterol, and fasting plasma glucose (FPG) were assessed and metabolic risk score was calculated, which is the sum of the z scores for each individual risk factor. Waist circumference was measured and the area of visceral fat was assessed by MRI. Multiple linear regression analysis revealed that V O 2 max was inversely associated with TG in men ( pϽ0.05) and grip strength was negatively associated with FPG and metabolic risk score in women ( pϽ0.001 and pϽ0.05, respectively), independently of waist circumference. Adjusting for visceral fat instead of waist circumference, similar results were obtained in women (pϽ0.01 and pϽ0.05, respectively), but the association between V O 2 max and TG in men was attenuated to nonsignificant. This cross-sectional study demonstrates that muscular strength is inversely associated with plasma glucose levels and clustered metabolic risk factors independently of abdominal adiposity in Japanese women, but not in men.
Introduction
Metabolic syndrome (MeS) is a cluster of visceral obesity, insulin resistance, hypertension, glucose intolerance, and dyslipidemia that substantially increases the risk of type 2 diabetes and cardiovascular disease (Alberti et al., 2006) . MeS has a rising worldwide prevalence, and is largely related to increasing obesity, especially abdominal adiposity, along with a sedentary lifestyle. A recent report from the National Health and Nutrition Examination Survey (NHANES) [2003] [2004] [2005] [2006] estimated that approximately 34% of the U.S. adult population has MeS (Ervin, 2009 ). According to the National Health and Nutrition Survey in 2008, approximately 22% of Japanese adult men and 11% of Japanese adult women have MeS (Ministry of Health, Labour and Welfare, 2009) . Given the public health significance of MeS, successful strategies are urgently needed to intervene in its development.
Both low fitness (cardiorespiratory fitness (CRF) and muscular strength) and increased adiposity have increasingly been recognized as important risk factors associated with MeS in adults (Hassinen et al., 2008; LaMonte et al., 2005; Sayer et al., 2007) . However, because low fitness and excess body fat often occur in combination, it is important to distinguish the separate effects on metabolic risk factors related to MeS. A few recent studies have examined the relative contribution of abdominal adiposity and CRF to metabolic risk, demonstrating that higher CRF and lower abdominal adiposity are each independently associated with a substantial reduction in metabolic risk related to MeS (Hassinen et al., 2008; Lee et al., 2005) . However, few studies have investigated the independent contribution of muscular strength and abdominal fat to individual and clustered metabolic risk factors. A recent study by Wijndaele et al. (2007) has demonstrated that muscular strength is inversely related to a metabolic risk factor in women, even after adjustment for abdominal fat and other potential confounding factors. However, their studies have characterized abdominal fat by simple anthropometric measures such as waist circumference. A more recent study has revealed that reductions in visceral and total abdominal fat may occur in the absence of changes in waist circumference (Kay and Fiatarone, 2006 Therefore, the purpose of the present study was to examine the relationship between fitness (CRF and muscular strength) and individual and clustered metabolic risk factors in Japanese men and women. Specifically, we investigated whether these associations are independent of abdominal adiposity quantified by direct measurement of visceral fat.
Methods

Subjects
Two hundred twenty Japanese people (110 men and 110 women) aged 20 to 69 years participated in the present study. They were recruited through advertisements from students or faculty members of Waseda University and their immediate acquaintances. None of the subjects had been diagnosed with diabetes mellitus or were taking any medications that could affect the study variables. All subjects provided written informed consent before enrollment in the study. The research project was approved by the Ethical Committee of Waseda University.
Fatness
Body weight was measured using an electronic scale (Inner Scan BC-600, Tanita Co., Tokyo, Japan) and was determined to the nearest 0.1 kg. Height was measured to the nearest 0.1 cm using a stadiometer (YL-65, YAGAMI Inc., Nagoya, Japan). Body weight and height were measured with the subjects wearing light clothing and no shoes. Waist circumference (WC) was measured at the umbilical region with an inelastic measuring tape at the end of normal expiration to the nearest 0.1 cm. Visceral fat (VF) area was measured by magnetic resonance imaging (MRI) (Signa 1.5T, General Electric Co., Milwaukee, Wisconsin, USA). The imaging conditions included a T-1 weighted spin-echo and axial-plane sequence with a slice thickness of 10 mm, a repetition time (TR) of 140 ms, and an echo time of 12.3 ms. Cross-sectional images were scanned at the umbilical region (Usui et al., 2010) . During the scan, the subjects were asked to hold their breath for about 30 s after inhalation to reduce the respiratory motion artifact. The magnetic resonance images were transferred to a personal computer in the Digital Imaging and Communications in Medicine (DICOM) file format, and the cross-sectional area of the VF at the umbilical region was determined using imageanalysis software (Slice-o-matic 4.3 for Windows, Tomovision, Montreal, Canada). To minimize interobserver variation, all scans and analyses were performed by the same investigator, and the coefficient of variation was 0.4% for the crosssectional areas of the umbilical region.
Fitness Cardiorespiratory fitness
CRF was assessed by a maximal graded exercise test on a cycle ergometer (Monark Ergomedic 828E, Varberg, Sweden) and quantified as maximal oxygen uptake (V O 2 max). The initial workload was adjusted to 30-60 W, and the work rate was increased thereafter by 15 W/min until the subject could not maintain the required pedaling frequency of 60 rpm (Cao et al., 2010) . Heart rate (Life Scope BSM-1101, NIHON KODEN Corp., Tokyo, Japan) and a rating of perceived exertion (RPE) were monitored throughout the exercise. During the progressive exercise test, the expired gas of subjects was collected and the rates of oxygen consumption (V O 2 ) and carbon dioxide production (V CO 2 ) were measured and averaged over 30-s intervals using an automated gas analyzing system (Aeromonitor AE-280S, Minato Medical Science, Tokyo, Japan). During the latter stages of the test, each subject was verbally encouraged by the test operators to give a maximal effort. The highest observed value of V O 2 during the exercise test was considered to be the maximal oxygen uptake (mL/kg/min), and achievement of V O 2 max was accepted if at least two of the following four criteria were achieved: the V O 2 curve showed a leveling off, subject's maximal heart rate (HR) was Ͼ95% the age-predicted maximal HR (220-age), a respiratory exchange ratio in excess of 1.0, and the subject achieved an RPE of 19 or 20.
Muscular strength
Handgrip peak force was measured during maximal isometric contraction with a grip dynamometer (YX, YAGAMI Inc., Nagoya, Japan) in units of kilograms. Subjects were instructed to complete 2 handgrip contraction trials bilaterally, alternating hands between trails. Subjects held the dynamometer with the arm completely extended in standing position and were verbally encouraged by the assessor to exert the maximal force during each contraction trail. The higher grip strengths of two trials for each hand were summed to provide a single measure of grip strength. Grip strength was used as a proxy for overall strength (Rantanen et al., 1994) .
Metabolic risk factors
Resting systolic and diastolic blood pressures (SBP and DBP) were measured using an automated recorder (HEM-759P, OMRON Corp., Kyoto, Japan). Blood samples were drawn between 8:00 a.m. and 11:00 a.m. after a 12-hour overnight fast for measurements of triglycerides (TG), HDL cholesterol (HDL-C), and fasting plasma glucose (FPG) levels. Serum and plasma samples were stored at Ϫ80°C until subsequent analyses. All blood parameters were analyzed by SRL, Inc. (Tokyo, Japan).
Clustered metabolic risk factors
In the present study, the gender-specific metabolic risk score (zMeS) was calculated, which is a continuous z score of 5 variables, for the risk factors of MeS (Franks et al., 2004) . This variable was derived by standardizing and then summing the following values of WC, TG, inverse of HDL-C, blood pressure (SBPϩDBP/2), and FPG. The standardizing of these factors was achieved by subtracting the sample mean from the individual mean and then dividing by the standard deviations (SD). This continuously distributed metabolic risk score (zMeS) was also calculated without the adiposity component (zMeS ϪWC ). The calculating formula is as follows:
Confounding variables
Several confounding variables were included in the analyses: age, smoking status, and daily alcohol intake. Smoking status was assessed by means of a questionnaire, and was defined as one of two categories: never or current/former smoker. Daily alcohol intake (grams per day) over the past month was assessed using a brief-type self-administered diet history questionnaire (BDHQ) (Sasaki, 2004) , which asked the average frequency and the usual serving size for each type of alcoholic beverage.
Statistical analyses
Measured and calculated values are presented as meansϮSD. All subsequent analyses were carried out for men and women separately. The values of TG for both sexes and DBP in women were log transformed in correlation analyses due to their nonnormal distribution. The Student's t-test was used to determine differences between men and women. Pearson's product correlations were calculated among the outcome variables (age, BMI, WC, VF, V O 2 max, grip strength, TG, HDL-C, SBP, DBP, FPG, and zMeS). Multiple linear regression models were used to assess the association of fatness and fitness with metabolic risk. We first entered the fitness (V O 2 max or grip strength) and BMI for independent variables and zMeS for a dependent variable (model A). We then entered the fitness (V O 2 max or grip strength) and a parameter for abdominal fat (WC or VF) for independent variables and each metabolic risk factor or zMeS ϪWC for a dependent variable (model B and C). All models were adjusted for confounding variables: age, smoking status, and alcohol intake and are presented as standardized b coefficients. All analyses were completed using SPSS 17.0J for Windows (SPSS Japan Inc., Tokyo, Japan). The statistical significance level was set at pϽ0.05.
Results
The characteristics of men and women are shown in Table 1 . Men showed higher BMI, WC, and VF in comparison with 
Discussion
This cross-sectional study was performed to examine whether fitness is associated with individual and clustered metabolic risk factors independently of abdominal adiposity in Japanese men and women aged 20-69. The principal finding of this study was that both grip strength and abdominal adiposity are each independently associated with individual and clustered metabolic risk factors in women, but not in men (Table 3) . Previous studies have indicated that muscular strength is a significant predictor of metabolic risk in adults (Sayer et al., 2007; Wijndaele et al., 2007) . However, few studies have evaluated the independent importance of abdominal adiposity and fitness (Sayer et al., 2007 ). An important issue to consider is that low fitness and excess body fat often occur in combination. In fact, grip strength was negatively correlated with VF in women (rϭϪ0.19, pϽ0.05) in the present study (Table 2) . To elucidate the role of muscular strength in metabolic risk, it is important to examine these relationships, including the contribution of abdominal adiposity. Wijndaele et al. (2007) have reported that muscular strength assessed by measuring isometric knee extension and flexion peak torque is associated with a metabolic risk factor even after controlling for abdominal adiposity in women. This finding is roughly in accordance with our results, although in their study the abdominal fat indicator depended on simple anthropometric measures such as WC, which does not always reflect the accumulation of VF (Kay and Fiatarone, 2006) . We found that muscular strength is associated with metabolic risk independent of WC and additionally with abdominal adiposity quantified by MRI, which is a direct measurement of VF. Therefore, this result supports the position that increasing muscular strength levels may be an effective strategy for preventing MeS in women.
As seen in Table 3 , physical fitness (V O 2 max and grip strength) was found to be significantly and inversely associated with zMeS after controlling for BMI only in women (model A). In men, low levels of fitness did not appear to be a direct and primary cause of clustered metabolic risk factors. These results indicate that the effects of physical fitness, as measured by CRF and muscular strength, on clustered metabolic risk factors differ between men and women, and that the role of fitness may be more important in women than in men in the prevention of MeS. However, BMI is an indicator of general obesity and does not reflect abdominal adiposity, although these variables are highly correlated (Table 2) . We therefore examined these associations using abdominal fat indicators.
In the present study, abdominal adiposity was found to be a stronger predictor of all metabolic risk factors than V O 2 max in men and women (Table 4) . These data support a study by Christou et al. (2005) , where it was reported that body fatness is a better predictor of the cardiovascular disease risk factor profile than CRF. In the present study, however, V O 2 max was associated with TG independently of WC in men (model B). The reason why CRF is predictive of TG only in men remains to be elucidated, but the effect of CRF on metabolic risk may be overestimated in men in the model B. Men generally have more VF than women (Boule et al., 2005) due to the lack of a possible protective effect of estrogen in men compared with women (Geer and Shen, 2009 ). However, WC can not distinguish VF from subcutaneous fat. Thus, the insensitivity of the anthropometric index in reflecting actual amounts of VF may contribute to overestimating the role of CRF in relation to abdominal fat with regard to metabolic risk. As such, we investigated the relative contribution of VF, as assessed by MRI, to metabolic risk (model C).
In model C, the association of V O 2 max with TG was attenuated to nonsignificant in men. Previous studies have indicated that abdominal fat, as measured by computed tomography, and CRF are significant predictors of several metabolic risk factors related to dyslipidemia in adults (Boule et al., 2005; Nagano et al., 2004) . However, these associations were not found in the present study. The methodological difference in evaluating CRF may lead to different results. In previous studies (Boule et al., 2005; Nagano et al., 2004) CRF was not measured directly, whereas in our study V O 2 max was assessed directly using a respiratory gas exchange analysis during a maximal cycle ergometer test, which is an accurate and highly reproducible measure of CRF. The results of the present study suggest that preventing abdominal fat accumulation rather than increasing CRF levels appears to be a more effective and direct strategy for the primary prevention of MeS in both men and women.
The main finding of this study was that grip strength is associated with FPG independently of WC or VF in women. Grip strength is a simple and direct isometric method for the assessment of hand and forearm skeletal muscular strength, which may be representative of overall muscular strength because it is highly correlated with other muscular strength measures, including elbow flexion, knee extension, trunk flexion, and trunk extension (Rantanen et al., 1994) . Sayer et al. (2005) have indicated that there is a graded association between increased glucose levels and weaker muscular strength in those with impaired glucose tolerance and normal blood glucose levels. As such, there appears to be a link between muscular strength and glucose metabolism. Because muscular strength is related to skeletal muscle mass, which is a significant site of glucose disposal (Lazarus et al., 1997) , muscular strength may be important for glucose metabolism and could be a good target for the treatment of metabolic risk leading to conditions such hyperglycemia and type 2 diabetes mellitus. The amount of physical activity is also found to be related to muscular fitness (Paalanne et al., 2009) . Actually, grip strength in subjects with exercise habits is known to be higher than those without exercise habits (Miyatake et al., 2009) . Previous studies have shown that increase in moderate and vigorous activity results in a decrease in fasting insulin level, a marker of insulin resistance (Assah et al., 2008) , indicating physical activity exerts its action on glucose metabolism in the long term.
Taken together, these results suggest that the association of muscular strength with FPG may bepartially explained by physical activity. It should be noted that in the present study, grip strength (b ϭϪ0.28, pϽ0.01) was a strong predictor of FPG as much as VF (b ϭ0.21, pϽ0.05) in women (model C). It is therefore plausible that increasing the levels of muscular strength as well as preventing VF accumulation may be equally effective in preventing hyperglycemia and type 2 diabetes mellitus.
It is interesting that grip strength was not found to be predictive of FPG in men (Table 3) . Differences in muscular strength are known to exist between men and women, and from early adulthood, women have on average 35% to 45% less muscular strength than men (Katzmarzyk and Craig, 2002; Ministry of Education, Culture, Sports, Science and Technology, 2010) . Thus absolutely lower muscular strength for women compared with men might explain the sex difference in the association between grip strength and FPG. Because fasting glucose is known to be a predictor of new onset diabetes mellitus (Chen et al., 2009) , poor muscular strength in women can be considered a marker for risk of type 2 diabetes.
The present study has several limitations. First, as it was a cross-sectional study; larger sample sizes and prospective and interventional studies are needed to confirm the effects of muscular strength on metabolic risk independent of abdominal fat accumulation. Second, the results may have limited generalizability due to ethnic differences in muscular strength. Japanese generally have lower muscular strength than Westerners, so the relationship between muscular strength and metabolic risk in other racial groups may differ from that found in our study. While this remains to be investigated, this study has contributed valuable information for Japanese. Third, because the prevalence of type 2 diabetes is much lower in Japanese women than in Japanese men, the findings in the present study must be adopted carefully for women. However, type 2 diabetes occurs in Asians who are less obese than those in Western countries (Chan et al., 2009 ) and the incidence is increasing continuously in both Japanese men and women. As such, maintenance of good muscular strength by regular daily exercise (Miyatake et al., 2009 ) appears to be important in the prevention of diabetes in Japanese women.
In summary, the present study suggests that there are sex differences in associations of physical fitness and fatness with metabolic risk in Japanese adults. The role of physical fitness (CRF and muscular strength) appears to be more important in women than in men in the prevention of MeS. In men, abdominal adiposity is a stronger predictor of individual and clustered metabolic risk factors than fitness. In women, muscular strength and abdominal adiposity are each independently associated with FPG and clustered metabolic risk factors. Muscular strength in women is a strong predictor of FPG as much as VF accumulation. The present study implies that effective approaches to preventing MeS may differ between men and women, and that exercise to increase muscular strength should be incorporated into individual lifestyles to reduce the risk of MeS and diabetes mellitus in women.
